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® Method and apparatus for enhancing the depth of focus In projection lithography. 



(§> The invention provides a technique which en- 
ables projection lithography to extend to the sub-half 
micron range by compensating the Depth of Focus 
(DOF) budget tost in substrate topography with a 
projection of a non-planar image wNch is conformai 
to the substrate (1 0). The memod of achieving a 



non-planar image flaid includes the formation of a 
mask reticle (20) which Is a replica of the surface of 
the semiconductor (10) to be exposed, thus, elimi- 
nating substrate topography from the opflcal DOF 
budfiet- 
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This invention relates to projection lithography 
and particularly to the problems of forming sub- 
micron dirnensionaJ patterns for the manufacture of 
semteonductor devices using optical image expo- 
sure systems. 

The flokj of optical lithography ha* e^srlenced 
many advances in its capabifty to tender smaller 
and smaller Image sizes for a period In excess of 
twenty-five years. Historically, these advances have 
been Instrumental In the development of semicon- 
ductor technology. In the recent past, semiconduc- 
tor device structures requiring dimensions on the 
order one micron or less have been successfully 
fabricated using optical wavelength exposure sour- 
ces. As the sobmlcnon region has been approach- 
ed, the flmits of optical lithography have been 
extended by reducing the wavelength of light to tins 
point where ifght in the wavelength of a few hun- 
dred nanometer? is required for adequate resolu- 
tion. 

Although other sources of exposing radiation, 
such as E-beam and x-ray, are capable of provid- 
ing required svbmicrcm dimensions, they do so at 
considerable expense, both in capital and time. For 
example, &beam direct writs systems* extensively 
used in making masks for semiconductor fabrica- 
tion, are generally unacceptable for routine manu- 
facturing duo to the slow rate at which complex 
Images can be generated. X-ray technology, on the 
other hand does not have the time related limita- 
tions of E-beam technology but requires extremely 
expensive equipment to generate the soft X-ray 
radiation required for semiconductor fabrication. 

Accordingly, over the last few years many ad- 
vances have been made In the field of optical 
lithography to maintain its competitive status. 

One of the most critical problems dealt with in 
any lithographic system Is the problem of maintain- 
ing the object to be exposed within the Depth of 
Focus (DOJ 8 ) of the optical exposure toot. In order 
to effectively utilize photolithography, It Is neces- 
sary that the image created by the projection sys- 
tem be capable of exposing photosensilivB layers 
on the entire surface of a wafer which can be larger 
that 200 mm in diameter. Many factors effect the 
ability of an imaging system to provide a property 
focused Jmage. The concept Depth of Focus is well 
known to photollthographers and refers to that re* 
glen of an optical image in which the focus or 
intensity is maximized, he. focel piano, Since the 
light intensity distribution of the area! image is a 
gausslan distribution, the intensity Wis off rather 
sharply on each side of the focal plane. 

The Depth of Focus for an optical tool can be 
defined as 

DOF ^ +A (K (wavetBngth)/(NA) 2 ) 



753 Afl 2 



where k Is a constant of about 0.7 and NA is the 
Numerical Aperture of the optical system, thus 
clearly tying DOF to the system parameters. 

Fig, 1A illustrates DOF as a function of achiev- 
£ able resolution (Line Width) for three different fre- 
quencies of optical radiation, deep ultra-violet 
(DUV), j une and G Una, based on a Rayfesh 
diffraction-limited model for resolution- As can be 
seen, the DOF decsmases exponentially with in- 
fo creasing resolution. While resolution on the order 
of 0J> microns is possible, restrictions an the useful 
DOF, or DOF 'budget* are quite severe in the 
submlcron region. Fig. IB is a similar representa- 
tion as Rg, 1A. but Includes the available DOF 

is budget for a theoretical 16 Mb DRAM technology 
Including the effects of resist thickness, topog- 
raphy, focus leveling and reticle planarity* Here the 
the available DOF is reduced to the submicron 
range for all of the optical wavelengths at any 

so resolution less than 0.5 micron. 

it is quite obvious from Figs, 1A and 1B that 
decreases In wavelength can be used to obtain 
greater resolution. In addition to the obvious tech- 
niques for increasing the effective DOF budget, 

as such as directly storing 'the- wavelength or NA. 
there have been proposed a number of techniques 
for improving or tightening the tolerances in other 
parameters of the DOF budget such as Improved 
chip leveling for step and repeat took, improved 

30 accuracy In focusing and improved control in the 
wavelength of exposure sources. 

The specific parameters influencing DOF bud- 
get are described by B. Lin, In a paper presented 
at the Society of Photo- Optical Instrumentation En- 

36 glneere Santa Clara Symposium on Mtarollthog- 
raphy, Santa Clara, California, February 28 - March 
4, 1963, Dr, Un points out the technological ereaa 
In which problems would be required to be over- 
come if the near theoreHcaJ limit of 0.18 micron 

40 resolution for optical lithography were to be 
reached. He described a model of a DOF budge* in 
which the following technological features contri- 
bute: 

topography of the exposed surface, 
«s thickness of the photoresist, 
flatness of the optical image, 
flatness of tha mask containing the patterns to be 
exposed, 

ability to obtain accurate focus, and 

so the degree to which the exposed surface is tilted 
with respect to the projected image. 

Of all of the factors, tha current largest detrac- 
tor is that of wafer topography, currently about 0.8 
microns Of the total DOF budget of ZQ7 microns, 

es Ultimate reduction in water topography to no more 
than 0.1S microns was projected to be required In 
order to achieve maximum resolution of 0.17 
microns. 
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The article, "A Half Micron Technology for an 
experimental 19 Mbit dram using l~Uno stepper," 
Y. Kawamoto et a), 1S8B Symposium on v%$] 
Technology, May 10-13, 1S88, describes a DOF 
budget reduction technique In which the surface of 
a semiconductor chip Is rendared mora planar by 
physically recessing certain regions on the surface 
cf the substrate In order to reduce the extent of the 
vertical topography within exposure fields. 

Another technique proposed which could re- 
duce or eliminate some of the factors present in 
the DOF budget Is described In the article 
"Submlcrometer Holographic Photoffihogrsphy, " J. 
Brook et at. Solid State Technology, November 
1989; pp. 91-94, A holographic system Is used to 
generate the image plane on We surface of semi- 
conductor wafers which Is a duplicate Imago or that 
of the mask or object plane. 

U.S. Patent 4,869,999 to Fukuda et ai also 
relates to techniques for compensating for limited 
DOF budget Here the optical energy in the rest 
Image is utilized In at least two Independent axlaJly 
displaced exposures of the same object or mask 
pattern m order to provide adequate exposure for 
an regions of tha photosensitive wafer surface- A 
number of techniques are described for providing 
the axial displacement of the multiple Images In- 
cluding: 

moving the object parallel to the optica) axis, 
moving the mask parallel to the optical axis. 
adding optical material to trig optical path for one 
of the exposures, 

changing the operating pressure of the exposure 
system, 

using a tens having multiple focal points, 
using multiple overlapping light beams, and 
using a soparato wavelengths for each exposure. 

For all of the options, at least two exposures 
are required to form the desired Image. 

Each of the prior art techniques for extending 
the capabilities of optical lithography has a unique 
set of (Imitations. For example, requiring the semi- 
conductor wafer to experience additional process- 
ing steps Increases the cost of each Hem so pro- 
cessed. In a simitar manner the addition of expo- 
sure steps aisp Increases the cost of the product 

Accordingly, it is an object of this invention to 
provide a photolithographic image exposure sys- 
tem and method which Is substantially Independent 
of image plane topography. 

ft is another object of the invention to provide 
increased resolution of semiconductor device struc- 
tures using optical light sources In the range of 
0,1 S to 0.25 microns. 

It Is a further object to provide for enhanced 
optical lithography without excessive increase in 
cost to manufacture. 

The- obfecte of the Invention are accomplished 



by providing a focused Imago plane on the SUrfac© 
of a substrate which Is substantially confomnal to 
me topology of Vie substrate. The technique used 
to accomplish this includes a method of fabricating 

s a mask reticle in which the surface of the reticle Is 
a three-olroenstonai repsca of the surface of the 
object to be exposed. As described herein, a meth- 
od is taught for transferring the topology of a 
substrate to be exposed to the surface of the mask 

io to be projected on the substrate. 

These and qther features of the Invention will 
be more apparent to those skilled In the art from 
the more particular description of the Invention, as 
illustrated In the accompanying drawings. 

is Ways of carrying out the Invention are de- 
scribed In detail below with reference to drawings 
showing only specific embodiments In which: 
Figs. iA and 13 

are graphical representations Illustrating the rela- 
20 tionship between Depth of Focus, resolution and 
exposure wavelength based on a Haylafgh 
diffraction-limited model of an optical system. 
Fig. 1A represents the limits as dictated by 
optics alone and Fig. 13 represents the effective 
ss limits when the total optical envfronment is con- 
sidered far a typical 16Mb DRAM technology. 
Figs. 2A-2D 

are representative crnssxsectJonal views of a 
semiconductor substrate illustrating the results 
so of processing steps prior en exposure In an 
optical exposure tcoi. 
Figs. 3A-3S 

are representative cross-sectional views of a op- 
tical mask or reticle of the invention illustrating 
35 the steps of preparing It for use In an optical 
exposure tool. 
Hg, 4 

is a schematic: representation generally Illustrat- 
ing the relationship between elements in the 
to reticle and In (he semiconductor substrate when 
practicing the Invention In a all-reflective or cata- 
dloptrlc optical system. 
Referring now to Figs. SA through 2D, there Is 
described the photolithographical environment to 
46 which the invention applies. In Fig. ZA the surface 
10 of a semiconductor wafer ta show schematically. 
For purposes of discussion, surface 10 is illustrated 
as being planar, although In reality such surfaces 
are planar only with respect to trio smallest of 
50 focalized areas. Formed on the surface 10 am a 
plurality of technological elements 12, such as con- 
ductive Bnes» defined by a phototrthographic pro- 
ceag. The physical dimensions of lines 12 and/or 
the .spaces between th&m can be in the submicron 
range. However* as shown the vertical dimensions 
may well be many times greater than the horizontal 
dimensions. 

In preparation for a subsequent photaproces- 
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sing operation, a photolithographic process using a 
cornmonly designated Multi-Layer Resist [MLFc) is 
applied over the structure of Rg. 1A. The process 
includes the application of a relatively conformal 
layer 14. of an organic: material, as shown fn Fig. 
13. Duo the various parameter? of the material, 
tayer 14 will experience excursions In Its vortical 
dimension Of approximately the same extent as the 
thickness of the objects, lines 12, ft is covering. 
Next, as shown in Fig. 1C, a reJattveJy thin etch 
stop layer 18 Is applied over layer 14, Tho required 
Charactaristlcs of layer 16 am thai it can be easily 
defined by etching such that a pattern formed In 
layer 16 can be accurately transferred through un- 
derlying layer 14 by an anisotropic etching pro- 
cess. Finally, as shown In Fig. 1 D, a thin photosen- 
sitive layer 13 Is formed over layer 16, In the 
manufacture of semiconductor devices ft fs pre- 
sumed that the imaging layer 18 can Indeed be 
patterned for subsequent processing steps. 

Referring to Rg. 1D, although not drawn with 
consistent vertical end horizontal scale, rt can east' 
ly be seen that an imaging system suitable for 
simultaneously all of the surfaces of layer 18, must 
have the ability to provide enough light energy to 
adequately expose photosensitive materia] on all 
surfaces. Should the Depth of Focus (dOF> of the 
exposure tool be greater, than the difference in 
height between the surfaces of feyer IB, the layer 
can be exposed and processed successfully. How- 
ever, as Ja more lifeety the case, there Is a relation- 
ship between the desirable dimensions of the 
structures on a semiconductor surface and the 
DOF available. In sub micron technologies where 
the horizontal resolution may be on the order of 0.5 
micron, the DOF may inadequate to expose the 
entire photoresponsive surface in a field of view. 
Reduction In exposing wavelength, although useful 
rn reducing minimum resolution, also severely re- 
duces the DOF. 

For a more detailed description of the various 
aspects of DOF budget parameters, see the above 
ched Un paper, herein incorporated by reference. 

Although the photolithographic aspects of Figs, 
are shown using a three-layer MLR, it wilt be 
understood that two-layer systems using 'top layer 
imaging" technology are also anticipated for use. 
For a detailed description of such resist systems 
sensitive to the DUV spectrum, see the following 
arttcles: "A 2-Tayer resist system derived from 
frirrtatrrylsHyistyrene," by Mac Donald et ai ( . 
Proceedings of SPIE, Vol, 631, pp. 2&33 (1Q86) 
and "PorysToxanes for Optical Lithography," by J. 
Shaw et al., Solid State Technology. June tga7, 
pp. 83-89, both herein Incorporated by reference. 

In accordance with our invention, tho problem 
of limited DOF Is substantially diminished by caus- 
ing the Image plane to be conformably projected 



onto the surface of the photosensitive layer. As 
such, the DOF of the optical tool no longer remains 
a serious factor within the DOF budget as de- 
scribed by Un, above. The conventional Smftstton 
s that the Optical DOF exceed the maximum vertical 
height of structures on the surface of a wafer Is 
eHmtnated, 

Although the photolithographic tool makers 
have more or less successfully attempted for deo- 

io ades to provide the utmost in control over surface 
flatness and to provide optical elements having a 
minimum of planar distortion, such objectives be- 
come somewhat foreshadowed in view of the in- 
stant invention. 

*e According to the Invention, the optimum tech- 
nique for producing a confOrmaJ image plane id to 
form a replica of the surface of the semiconductor 
within the mask or reticle containing the patterns 
for the next exposure process- Thus, effectively 

so incorporating the historical 3-dimenstonal process- 
ing history of the wafer Into the mask design will 
enable an image/focus plane to be formed which 
will exactly match the surface of the plane to bo 
exposed, 

ss Referring now to Figs. 3A through 3Q, there Is 

shown the general sequence of steps necessary to 
provide a mask reticle according to the invention. 
Fig. 3A Illustrates the initial reticle blank 20 formed 
on a material transparent to the radiation to be 

90 used in the optical system, preferably quartz. As 
shown in Fig. 38, a layer 22 of a definable material 
such as an organic polymer or photoresist Is spun 
on the surface of reticle blank 20. In the example' 
shown, the single layer 20 is formed to the same 

■36 thickness as the refief structure represented by 
tines 12 of Fig. 1. in order to provide a surface 
topography on the reticle blank the same as that on 
the wafer to be exposed, the layer 22 is 
photoltthographlcly defined, preferably by using an 

<*Q e-beam exposure tool, developing by a suitable 
proceaa to teave an identical pattern 22* on the 
surface of the reticle blank as Is on the surface of 
the wafer to be exposed. Should tho semiconductor 
wafer have experienced additional processing 

■» steps. It will be understood analogous processing 
steps would be performed on the surface of the 
reticle blank 20. Then, as shown in Rg. 30 a layer 
24 of organ fe material is spun on the reticle In 
order to provide a topographically identical nor> 

so planar surface 26, substantially Identical to that of 
the wafer to be processed. Thi3 material used for 
layer 24 should have the same physical character- 
istics as that of layer 14 of Fig. 2, Next, layers 22 
and 24 are anisotropic^ etched In a Reaction Ion 

re Etching (HIE) environment such that the efch ratio 
between organic and reticle blank material is N:1 
where N Is the refractive index of the reticle blank 
20. This dependency of etch rate is required smce 
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In the preferred embodiment, the rettcie material 
becomes part of the optica! path In the preferred 
optical system, described below. Ttto etcnific. wi « 
enable the topography of surface 28 to be du- 
plicated In the reticle 20- Etching is continued until 
all of the organic layers are removed frorn the 
reticle, leaving the image of pie** 26 (Fk> 3D) In 
the surface of the reticle blank 20 as shown tn Fig. 
3E at 26'. 

The process of making the mask reticle then 
continues in a manner Identical to that of a conven- 
tional reflective mask- As shown In Fig* 3F, a 
banket layer 28 of rofloctivo mask segment for- 
ming material such as chromium is deposited on 
the surface of the reticle- a photosensitive layer 
(not shown) is applied and then a pattern is formed 
on the surface of the reticle preferably using an e- 
beam system to define the segments of the mask, 
for exampie via holes 30 can oe formed in layer 
£B, as shown in Bg. 36. With ths exception of a 
noncriocal alignment step to insure that the rettef 
pattern 2B' formed In reticle blank Is in proper 
alignment with the mask segment patterns. 

As can be seen, different portions of the mask 
segments are associated with different portions of 
the substrata on to which the respective images 
are to be formed. The objective of the process is to 
produce a mask element in which the object plane 
is similar and preferably congruent with the surface 
of me workplace onto which it win ba projected* 
Thus, the optical path from each point on the 
surface of the mask to the corresponding point on 
the surface of the semiconductor wafer surface is 
maintained constant over the entire imago field 
regardless of the topography of the wafer. Thus, 
the focal plane of the projected image, is no longer 
fj&t, but becomes a replica to tho surface onto 
which it falls. The DOF budget due to wafer topog- 
raphy is effectively efiminated- 

An Important aspect of the invention lies in the 
reproducibility of the hydrodynemic properties of 
the organic layers used to form the surfaces layers 
14 (Fig, 20) and 26 <Flg* 3D). 

As previously indicated, the preferred imaging 
system for application of the invention is that of thB 
haJf*Wyrtrid-Dyson projection system such as do- 
scribed in US Patent 9.1 71 ,871 issued October S3. 
1979 to F.H. Dffl at a! and assigned to the assignee 
of the Instant Invention. A further detailed descrip- 
tion of suitable cpttaai systems is found in the 
article "Advances in 1:1 optical lithography," A.C. 
StsphanaWs et al. Proceedings of SPIE, Vol.811, 
pp. 137-148 (1987). Both references hereby are 
incorporated by reference. 

Rg.'4 Is a schematic mpreserttsSan showing 
the arrangement of the semiconductor wafer 10 
(from Fig. 2D) with raspsct to the mask reticle 20 
(from Kg. 3G). Because the preferred optical sys- 



tem causes the mask image to be inverted, the 
entire reticle blank is flipped over when placed in 
the exposure tool. As shown in Fig. 4, the mask is 
placed on one-half or the optical input field and its 

5 inverted image is projected oh the other half of the 
field. The respective dashed and solid arrows re- 
present two different optica) paths each having the 
same effective length. 

A3 will be recognized, the exposure system of 

to this invention may not be required at all processing 
steps In the manufacture qf semiconductor devices, 
and may, in fact, provide critical leverage for the 
use of optical lithography throughout a process 
when utilized at a single process step. Whether 

is utilized for single or multiple exposure steps, ttie 
profile of the mask reticle blank .required will effec- 
tively include a topographical history of the steps 
which precede the step In which the invention is 
used. 

so Although the invention has been described In 
terms of a preferred embodiment those skilled In 
ths art will understand that other embodiments and 
variations may be carried out with out detracting 
from the spirit of the Invention, For exampte. al- 
as though the preferred embodiment is desalted In 
terms of 3 1X optical system, other system© such 
as BX reduction systems can bo adapted to us9 
ihe invention, keeping in mind the 5:1 vertical to 
linear differential dimensions present in such a 
so system. The prefaced embodiment includes a full 
field step end repeat arrangement which could be 
replaced by various forms of sub-field scanning or 
even a full wafer field. Since thg optical characteris- 
tics of other wavelengths, both longer or shorter 
3B that those of the traditional optical spectra, behave 
slmllarfy to those preferred, it will be recognized 
that tha could equally be utilized regardless of 
wavelength used- 

« Claims 

1, An Image exposure system for projecting a 
focused Image on tha surface of s non-plane/ 
substrate (10) comprising 

45 

a promotion tool have a predetermined depth 
of focus, being a function of exposing radiation 
and Numerical Aperture; 

bo a substrate (10) have en exposure surface In- 

cluding an exposure field Including at least two 
regions (12) having a difference in elevation 
greater than tha depth of field of said tool; 

66 object image generating means including a 

plurality of image segments defining a field to 
be projected, and 
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means far causing a single focused Image to 
be farmed within the exposure field on the 
non-planar surface of said substrate (10) cor- 
responding to the plurality of image segments- 

The system of claim 1 wherein the object 
image generating means comprises a mask 
reticle (20} having at least one of said plurality 
of Image segments formed on a d iff Went plane 
from the remainder of said Image segments. 

The system of claim z wherein the mask re- 
ticle (20) Includes a ifon-ptanar surface (26) 
which Is substantially similar to the surface of 
the substrate- (10), 

The system of claim 2 or 3 wherein the sur- 
face (26) ot the masK reticle is substantially a 
replica of the surface of the substrate (10). 

The system of claim 1 wherein the Image 
plane formed on the non-planar substrate (10) 
is substantially con for ma I with the surface of 
the substrate (10). 

The system of one or more of the preceding 
. claims f to 5 wherein the exposing radiation 3s 
In the range of optical spectra. 

A method of exposing a composne image on 
tfie surface of a non-planar substrate (10) wfttv* 
In a single exposure field wherein the substrate 
(10) includes a plurality of regions (12) of dif- 
fering height, comprising the steps of: 

generating a first portion of the image to 
exposed from a first phiraHty of object seg- 
ments corresponding to a first group of Image 
segments to be projected on to a first of the 
regions of the substrate (10); and 

independently generating a second portion of 
the image to be exposed from a second plural- 
ity of object segments corresponding to a sec- 
ond group of image segments to be projected 
on to a second of the regions of the substrate 
(10). 

The method of claim 7 who rain the steps of 
generating portions of the images include the 
use of a mask reticle (20) having at least one 
non-ptanar surface (28) wflhln the single expo* 
sure field 



10, A method of exposing a semiconductor surface 
(10) In a series of exposure stops wherein at 
least one of the masks (20) used to expose at 
least one of the. series of exposure steps is 
fabricated to Include a topographical history of 
the processing steps which precedes He use. 

11. The method of claim 10 wherein said at least 
one mask (20) is -formed through the use of 
pattern information present In at least one of its 
preceding process steps. 



The method of claim 8 wherein the surface of 
the mask reticle (20) Is a mpjfca of the surface 
(10) of the substrate. 
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